Abstract We have investigated the susceptibility of selected solid-solution-strengthened Ni-base alloys of commercial grades to precipitating intermetallic compounds during aging at elevated temperatures and the corresponding effects on mechanical properties. Depending upon the exact chemical composition and aging temperature as well as the precipitate morphology, some alloys are found to be susceptible to precipitating detrimental intermetallics, particularly Ni 3 Mo, Ni 4 Mo, mu, sigma, d Ni 3 Nb and Laves phase. However, in some cases, it is found that certain intermetallics can produce a good combination of strength and ductility such as the Ni 2 (Mo, Cr) with Pt 2 Motype superlattice as well as the c 00 phase of Ni 3 Nb with DO 22 -type superlattice. Also, it is demonstrated that in some cases, small addition of an alloying element such as Fe to a given alloy can decelerate the kinetics of forming detrimental intermetallic compounds; however, a similar addition to another alloy can produce an opposite effect.
Introduction
Solid-solution-strengthened Ni-base alloys have many important applications in various industries including the petrochemical, oil, chemical process and power generation. This is because of their distinctive combination of mechanical strength, environmental resistance and fabricability [1] [2] [3] . To achieve those properties, each alloy is a multi-component system with Ni as a host metal containing various concentrations of several alloying elements such as Cr, Fe, Mo and W in addition to minor concentrations of other elements particularly C, Mn and Si [1] . Some alloys may also contain trace amounts of reactive elements such as Y and La. During the final stages of processing into wrought produces (sheets, plates, etc.), the respective product is heat-treated to produce an aggregate equiaxed grains of Ni-rich solid solution with face-centered cubic (fcc) structure, which usually contains various densities of randomly dispersed carbide particles enriched in transition metals such as Mo, W and Nb depending upon the exact chemical composition. An example derived from the (NiMo)-based Hastelloy alloy B-2 is shown in Fig. 1 .
From a thermodynamic point of view, a structure such as that shown in Fig. 1 exists in a metastable condition. Given sufficient activation energy such as aging at high temperatures can result in significant changes in microstructure and corresponding properties. In particular, relatively high concentrations of transition metals can render the alloy prone to precipitating intermetallic compounds. Although some of those compounds, which are classified as topologically close-packed phases, have detrimental effects on mechanical strength [4] [5] [6] [7] [8] , others can have beneficial effects [9] [10] [11] [12] [13] [14] . On the other hand, designers are frequently required to make alloy selection for certain applications, which require operational lifetime of several years. Therefore, maintaining an acceptable level of mechanical strength after long-term aging at high temperatures becomes an important requirement.
To elucidate the response of solid-solution-strengthened Ni-base alloys to precipitation of intermetallic compounds and the corresponding effect on mechanical properties, the present investigation has been undertaken. Alloys of commercial grades with compositions based on the Ni-CrFe-Mo, Ni-Cr-Cr-Fe-Mo-Nb, Ni-Mo and Ni-Mo-Cr systems are included in the study. Emphasis has been placed on the long-term thermal stability characteristics.
Experimental Procedure
All alloys investigated were in the form of sheets about 3 mm in thickness and 55 9 10 9 10 mm plates. Their chemical compositions are listed in Table 1 . Metallographic specimens (2 cm 9 2 cm) were machined from the as-received sheets for thermal aging experiments and microstructural characterization. The mechanical properties were determined from standard tensile tests and Charpy impact toughness tests.
Thermal aging was carried out in box furnaces heated by electrical resistance for up to 16,000 h at temperatures ranging from 540 to 870°C. Oxide scale formed during aging was removed by sand blasting and mechanical abrasion. Detailed microstructural characterization was carried out using optical microscopy, scanning electron microscopy (SEM), and the transmission and scanning transmission electron microscopy (TEM/STEM) of an analytical electron microscope equipped with energydispersive spectrometer for microchemical analysis and operating at 200 keV. Specimens for optical microscopy were etched in a solution consisting of 80% concentrated HCl and 20% of 15 mol.% chromic acid by volume. Thin foils for TEM/STEM experiments were prepared by the jet polishing technique in a solution consisting of 30% nitric acid in methanol by volume. All tensile tests were carried out at room temperature on sheet specimens with 50.8 mm gage length. The plate specimens used in Charpy impact tests had standard V notches about 2 mm in depth with 0.25 mm radius and 45°angle.
Experimental Results and Discussion
Alloy X Alloy X is based upon the Ni-Cr-Fe-Mo system and has long been used as structural material in many gas turbine engine applications such as combustor cans, transition ducts, afterburners and tailpipes. Other applications include furnace and chemical process components. As an example, Fig. 2 shows the effect of 4000 h of exposure at 650, 760 and 870°C on the microstructure of alloy X as viewed on the scale of optical microscopy. For comparative purposes, the grain structure in the annealed condition is shown in Fig. 2a where a dispersion of M 6 C-type carbide particles and annealing twins is observed as we have reported in an earlier study [3] . Massive precipitates with fine structure are observed in the matrix phase after 4000 h of aging at 650°C as shown in Fig. 2b in addition to continuous layers of precipitates at grain boundaries. Figure 2c shows that when the aging temperature is raised to 760°C, the matrix precipitates become coarser and with less density as compared to aging at 650°C ( Fig. 2b ) with comparatively thinner layers of grain boundary precipitates. Similarly, the matrix precipitates continue to become coarser and with less density after aging at 870°C as observed in Fig. 2d . However, in this case, coarse discrete particles are observed at grain boundaries. Details about the nature of the precipitates observed in Fig. 2 as determined by TEM/STEM analysis are presented below. Figure 3a is a bright-field STEM image showing the microstructure of the precipitates observed in the matrix phase after 1000 h of aging at 650°C. Two phases are distinguished: (1) aligned arrays of thin platelets with habits very close to {111} fcc planes such as those marked A and (2) discrete particles marked B. A bright-field TEM image of an aligned array of platelets with characteristic internal structure consisting of fine parallel striations as viewed at high magnification is shown in Fig. 3b . Blocky particles with similar internal structure are observed at grain boundaries as shown in the example of Fig. 3c . The density of the precipitates has continued to increase with exposure time as demonstrated in Fig. 3d showing the microstructure after 8000 h of exposure.
Both electron diffraction and microchemical analysis have shown that all precipitates with characteristic internal structure including those with platelet-type morphology in the matrix and blocky particles at grain boundaries are of the CrFe-type of sigma phase as illustrated in Fig. 4 . The characteristic microdiffraction patterns shown in Fig. 4a and b are consistent with those of the tetragonal structure of CrFe sigma phase (a & 0.9 nm, c & 0.5 nm) in [001] and ½0 11 orientations, respectively [15] . Also, it has been shown that platelets of sigma phase in the matrix with fcc structure maintain an orientation relationship of the type [15] Fig. 4a and b are correlated with planar defects, particularly twins and stacking faults in the close-packed layer structure of sigma phase [8, 15] . The EDS spectrum of Fig. 4c shows the characteristic elemental composition of the sigma phase observed in Fig. 3 with Fe and Cr as the major elemental constituents. On the other hand, a discrete particle such as that marked B in Fig. 3a is identified as the Cr-rich M 23 C 6 carbide [3] . It is noted here that primary carbides such as the M 6 C type shown in Fig. 2a tend to decompose during long-term thermal exposure at elevated temperatures providing a major source of C, which leads to precipitation of the more stable Cr-rich M 23 C 6 carbide [3, 16] . It is well known that the preferred nucleation sites of M 23 C 6 carbide in austenitic-type alloys include dislocations, slip bands, incoherent sides of twin boundaries and grain boundaries [17] [18] [19] [20] . Analysis of specimens aged for up to 16,000 h at 760 has shown that the CrFe sigma phase remains to be the only intermetallic compound present in the alloy; however, the respective structure becomes coarser with greater proportions of blocky particles in the matrix phase. However, after up to 16,000 h of aging at 870°C, there has been no evidence for the precipitation of sigma phase. Instead, a mu-type phase is found to be the only intermetallic compound precipitated in the alloy. In contrast to the sigma phase, the mu phase has assumed the morphology of blocky particles both in the matrix and at grain boundaries. Similar to the sigma phase, fine striations indicative of planar defects such as twins and stacking faults are observed within the mu phase particles as shown in the Topologically close-packed phases such as the sigma and mu phases are well known to degrade the mechanical strength with greater extent in the case of sigma phase, which is extremely hard and brittle [8, 16] . The respective effect is reflected on the room temperature tensile properties shown in Fig. 6 as functions of aging time and temperature. It is observed from Fig. 6a that after 16,000 h of aging at 650 and 760°C, the 0.2% yield strength has increased from about 400 MPa in the annealed condition to about 670 and 610 MPa with corresponding decrease in tensile ductility from 53% to about 12 and 20%, respectively. However, these changes can only provide a qualitative assessment of the effect of intermetallic compounds due to the simultaneous precipitation of M 23 C 6 carbide, which is expected to contribute to the changes in tensile properties observed in Fig. 6 . On the other hand, the changes in tensile properties are observed to be less pronounced after aging at 870°C, which can be attributed at least partially to the absence of sigma phase. As can be seen, the 0.2% yield strength has increased from 400 to about 520 MPa after 16,000 h of aging, while the tensile ductility has decreased from 53 to about 30%.
Alloys B and B-2
Alloys of commercial grades based upon the Ni-Mo system include the Hastelloy alloys B and B-2, which are primarily developed for applications requiring high corrosion resistance particularly in reducing media. Both Ni 4 [24, 25] .
The relatively higher Fe content of alloy B is found to enhance the precipitation of Ni 3 Mo, which occurs with sluggish kinetics at temperatures in the range of 650-870°C. For example, Fig. 7 illustrates the microstructure of alloy B developed after 1000 h of aging at 760°C. Precipitates with long platelets extending across the grain are observed as shown in the bright-field TEM image of Table 2 Chemical compositions of the precipitate and matrix in Fig. 7 and planes in-between contain Ni atoms giving rise to the superlattice reflections observed in Fig. 8e .
The effect of aging time up to 1000 h at 760°C on the room temperature tensile properties on alloys B and B-2 is illustrated in Fig. 9 . Both alloys are shown to be significantly strengthened by precipitation of Ni 3 Mo and Ni 4 Mo (Fig. 9a) with considerable loss of tensile ductility (Fig. 9b) . However, alloy B is distinguished by maintaining a relatively good combination of strength and ductility after up to 100 h of aging. This is in contrast to the case of alloy B-2 where considerable loss of ductility occurs after only 8 h of aging (Fig. 9b) . Such difference in behavior can be correlated with the rapid kinetics of Ni 4 Mo precipitation in alloy B-2 as compared to the more sluggish kinetics of Ni 3 Mo precipitation in alloy B, which can be correlated with its relatively high Fe content.
Alloys S, C-4 and C-276
Alloys S, C-4 and C-276 are essentially based upon the NiMo-Cr system and are distinguished by corrosion resistance in both reducing and oxidizing media. A common feature of the three alloys is found to be the precipitation of In contrast to aging at temperatures in the range of 650-760°C where precipitation of Ni 2 (Mo, Cr) occurs, no intermetallic phases have been detected in alloys S and C-4 after up to 16,000 h of aging at 870°C. However, alloy C-276 is found to be highly susceptible to precipitation of mu phase even during the early stages of aging as shown in the example of Fig. 12 . The mu phase is observed to assume a blocky particle morphology throughout the matrix and at grain boundaries similar to the case of alloy X described earlier when aged at 870°C (Figs. 2c, 5) . A particle of mu phase with the characteristic internal structure due to the presence of planar defects in the respective close-packed layer structure is shown in Fig. 12a . Figure 12b -e shows microdiffraction patterns derived from the particle in (a) at different orientations and consistently indexed in terms of the hexagonal structure of mu phase with a = b = 0.48 nm and c = 2.56 nm. The corresponding EDS spectrum of Fig. 12f shows that Ni and Mo are the major elemental constituents of the particle in (a) with relatively high Fe concentration and smaller concentrations of W and Co and Cr. It is noted here that a mu phase with Ni 7 Mo 6 is thermodynamically unstable in the Ni-Mo system unlike phases with W 6 Co 7 , Mo 6 Co 7 , W 6 Fe 7 and Mo 6 Fe 7 compositions which are thermodynamically stable [8] . On the other hand, it is well known that TCP phases with close-packed layer structures are electron compounds, which are stabilized over certain ranges of electron-to-atom ratios (e/a) [4, 8] . Therefore, the observation of Fig. 12 suggests that the combination of Fe and Co and W has contributed to stabilizing the mu phase in alloy C-276 and that the absence of mu phase in alloys S and C-4 can be correlated with their very small concentrations of Fe, Co and W as shown in Table 1 .
As an example, Fig. 13 illustrates the effect of up to 16,000 h of aging on the room temperature tensile properties of alloy S. The considerable strengthening observed after aging at 540°C (Fig. 13a ) while still maintaining a relatively high tensile ductility (Fig. 13b) is correlated with precipitation of the Ni 2 (Mo, Cr) phase with Pt 2 Mo-type superlattice (Fig. 11b) . However, aging at higher temperatures in the range of 650-870°C is observed to have no significant effect on tensile properties. A quite similar behavior is observed in the case of alloy C-4. On the other hand, precipitation of mu phase in alloy C-276 particularly after aging at 870°C is observed to have an adverse effect on mechanical strength as reflected by the results of Charpy impact tests shown in Fig. 14 . The quite similar behavior of alloys S and C-4 is reflected by maintaining the same resistance to fracture toughness after up to 16,000 h of aging at 870°C. In contrast, the resistance to impact fracture toughness of alloy C-276 is considerably degraded with continued aging, which can be correlated with Fig. 12 Identification of mu phase in alloy C-276 after 1 h of aging at 870°C. (a) Bright-field TEM image illustrating a blocky particle of mu phase with characteristic internal structure. (b), (c-e) are corresponding microdiffraction patterns consistently indexed in terms of the hexagonal structure of mu phase in ½001; ½0 10; ½17 1 and ½18 1 orientations, respectively. (f) Corresponding EDS spectrum showing the elemental composition of mu phase precipitation of mu phase. Evidently, the superior strength of alloys S and C-4 over alloy C-276 can be correlated with the balanced concentrations W, Fe and Co, which deters the precipitation of mu phase.
Alloy 625
Alloy 625 is distinguished by its widespread applications in the aerospace, power generation and chemical process industries [26] . Reference to Table 1 indicates that alloy 625 is essentially a Ni-Mo-Cr, which differs from alloy C-276 in that: (1) It has higher concentration of Cr, (2) lower Mo content and higher Si content, and (3) W is replaced by Nb. Such differences are found to deter the formation of mu phase as well as the Ni 2 (Mo, Cr) intermetallic found in alloy C-276. However, the presence of Nb is found to stabilize the polymorphic versions of Ni 3 Nb (c 00 and d phases) during aging at temperatures in the range 650-870°C. Also, the higher Si content is found to stabilize Ni-Mo Laves phase as demonstrated below. Figure 15 shows the functional dependence of microstructure on aging time at 760°C as viewed on the scale of optical microscopy. Precipitate particles observed in the annealed condition (Fig. 15a) are found to be a mixture of primary carbides of the Mo-rich M 6 C type and Nb-rich MC type [3] . After 24 h of aging, secondary precipitates are observed at grain boundaries as shown in Fig. 15b . The grain boundary precipitates become more massive after 100 h of aging in addition to the presence of fine precipitates within the grains, which assume the morphology of short platelets (Fig. 15c) . With continued aging, the platelets increase in density and length as shown in Fig. 15d (500 h) and e (1000 h). The results of analyzing the microstructure of the precipitates observed in Fig. 15 on the finer scale of TEM/STEM are summarized in the examples given below.
During the early stages of aging at 650°C, very thin precipitates on the nanoscale are observed as shown in the bright-field TEM image of Fig. 16a corresponding to 8 Fig. 16b shows that the precipitate thickness is about 1.5 nm. It is noted here that the microstructural features observed in Fig. 16a resemble the GB zones observed in the well-known Al-4wt.%Cu alloy [27] .
The thin precipitates observed in Fig. 16 are subsequently replaced by aligned arrays of discrete particles on the nanoscale during the later stages of aging at 650°C as demonstrated in Fig. 17 . A bright-field TEM image illustrating the morphology of the particles after 1000 h of aging is shown in Fig. 17a . At this stage, the streaking of the fcc matrix reflections observed in Fig. 16a is replaced by the characteristic reflections of the DO 22 superlattice at all 1/4 h420i fcc positions as shown in the [001] fcc diffraction pattern of Fig. 17b , which resembles the case described earlier for Ni 3 Mo in alloy B (Fig. 7) . Figure 17c shows a dark-field TEM image formed with the encircled superlattice reflection in (b) and illustrating the morphology of one variant of aligned arrays c 00 particles with nanoscale size. The corresponding elemental composition is shown in the EDS spectrum of Fig. 17d , which is consistent with Ni 3 Nb-based composition.
Polymorphic c 00 phase ? d phase transformation with Ni 3 Nb-based composition is observed to eventually occur with continued aging at 650 and 760°C, where the g 00 phase remains to be thermodynamically stable. An example is given in Fig. 18 for a specimen aged 4000 h at 760°C.
The d phase assumes a platelet-type morphology as shown in the secondary electron SEM image of Fig. 18a . with the encircled (100) reflection is shown in Fig. 18d . The EDS spectrum of Fig. 18e illustrates the corresponding elemental composition, which is the same as that characterizing the c 00 phase (Fig. 17d) . At temperatures higher than about 760°C where the c 00 phase becomes thermodynamically unstable [28] , the d phase in platelet-type morphology is found to directly precipitate from the parent fcc structure [29, 30] .
In addition to the Ni 3 Nb intermetallic, particles of Laves phase are observed to precipitate at grain boundaries during aging at 760°C. Figure 19 is an example showing the results of TEM/STEM analysis of Laves phase particles after 100 h of exposure. Figure 19a is a bright-field TEM image showing precipitate particles at a grain boundary. A microdiffraction pattern derived from the encircled particle in (a) is shown in Fig. 19b and is consistent with the hexagonal structure of Laves phase (a = 0.48 nm, c = 0.78 nm) in [120] orientation. A corresponding EDS spectrum illustrating the elemental composition of the particle is shown in Fig. 19c indicating a Si-stabilized Laves phase of the type Ni 3 Mo 2 Si [8] . Figure 20 summarizes the effect of up to 16,000 h of exposure at 650, 760 and 870°C on the room temperature tensile properties. The changes in 0.2% yield strength (Fig. 20a ) and tensile ductility (Fig. 20b) are most significant for aging at 650°C followed by 760 and 870°C in decreasing order. These differences are correlated with the relative density and morphology of the precipitates. Although the characteristic microstructure of c 00 phase still maintains a good combination of yield strength and tensile ductility, this is not the case for both the d phase with platelet morphology and Laves phase, which have adverse effects on tensile ductility. In general, the densities of both intermetallics are observed to decrease with temperature, which can explain the observation of Fig. 20 . Transformation of the c 00 phase into the d phase is found to be most pronounced at 650°C followed by 760°C in decreasing order. However, at 870°C where the c 00 phase becomes (c) Corresponding EDS spectrum illustrating the elemental composition of the particle unstable, the d phase is found to directly precipitate from the parent fcc structure as pointed out earlier. On the other hand, the tendency to precipitate Laves phase is found to diminish at higher aging temperatures.
Conclusions
The susceptibility of selected solid-solution-strengthened Ni-base alloys of commercial grade to precipitating intermetallic compounds during aging at high temperatures and the corresponding effects on mechanical properties have been correlated with the nature and concentration of alloying elements. An alloy with high concentrations of Fe and Cr such as alloy X is found to be most susceptible to precipitating the detrimental FeCr sigma phase. Small concentrations of Fe in alloys based on the Ni-Mo system such as alloy B are found to decelerate the kinetics of detrimental Ni 3 Mo and Ni 4 Mo compounds in contrast to the case of alloy B-2, which is relatively free of Fe. On the other hand, various concentrations of Fe combined with heavy transition metals such as W and Mo as well as smaller concentrations of cobalt are found to stabilize the detrimental (Ni, Co, Fe) 6 (W, Mo) 7 -type mu phase in alloys X and C-276. On the other hand, alloys closely related to alloy C-276 such as alloys S and C-4 are highly stable toward precipitating mu phase, which has been correlated with the very small concentrations of Fe, Co and W. However, under certain aging conditions, alloys S, C-4 and C-276 are found to precipitate the Ni 2 (Mo, Cr) intermetallic, which produces a combination of high strength and high ductility. Also, the c 00 phase of Ni 3 Nb formed in alloy 625 is found to produce a combination of high strength and high ductility; however, considerable loss of ductility occurs when the c 00 phase is transformed into the d phase of Ni 3 Nb due to change in precipitate morphology. On the other hand, the relatively high Si content of alloy 625 is found to stabilize the detrimental Ni 3 Mo 2 Sitype Laves phase.
